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In this work, we have focused on the size dependence of the magnetic properties and the surface effects
of CoFe2O4 nanoparticles synthesized by high-temperature chemical method with diameter d�2, 4.5,
and 7 nm, with narrow size distribution. transmission electron microscopy (TEM) images and X-ray
diffraction (XRD) profiles indicates that samples with 7 and 4.5 nm present a high crystallinity while the
2 nm sample has a poor one. We have investigated by magnetization measurements and in-field
Mössbauer spectroscopy the influence of the surface in the internal magnetic order of the particles.
Particles with d¼7 nm have almost single domain behavior and the monodomain occupies approxi-
mately the whole particle. In the sample with d¼4.5 nm the surface anisotropy is large enough to alter
the ferrimagnetic order in the particle shell. Then, a surface/volume ratio of �60% is the crossover be-
tween a single domain nanoparticle and a frustrated order in a magnetic core–shell structure, due to the
competition between surface anisotropy and exchange interactionþcrystalline anisotropy in cobalt fer-
rite. In the d¼2 nm sample the poor crystallinity and the large surface/volume ratio avoid the ferri-
magnetic order in the particle down to T¼5 K.

& 2014 Elsevier B.V. All rights reserved.
1. Introduction

Surface and finite size effects in very fine (o7 nm) magnetic
nanoparticles have been the subject of growing interest in recent
years from both, theoretical and experimental, points of view [1–
3], since they could be definitively used for the technological ap-
plication of these systems. Finite-size effects dominate the mag-
netic properties of nanosized particles and become increasingly
important as the particle size decreases, due to the increasing
surface-to-volume ratio. The magnetic properties of a perfectly
aligned single-domain particle where all spins fluctuate coherently
are not observed for systemwhere the number of misaligned spins
on the surface is a significant contribution. It is expected that the
decrease in the coordination number induces a weakening in the
exchange interactions of the surface atoms with the surrounding
ones. Such spin disorder propagates from the surface to the core.
There are indications of very complicated spin structures for na-
noparticles with reduced size as consequence of the competition
between the surface anisotropy and exchange energy plus mag-
netocrystalline anisotropy.
che – CNEA/ CONICET, S.C.

r).
It is well established that in small size particles, the surface
spins play a dominant role. These spins cause the reduction in
saturation magnetization and coercivity with decreasing particle
size at the nanometric range [4]. It has been shown that in ferrite
nanoparticles, due to the broken symmetry and exchange bonds at
the surface, the surface spins do not follow the core anisotropy
direction and become disordered or canted, leading to even higher
anisotropy compared to the nanoparticle core [1,5–8]. Such par-
ticles have a core–shell structure, where the core spins are mag-
netically ordered, and the shell is composed of disordered or
canted spins. Several nanocrystals present the magnetic core–shell
structure such as: nickel ferrite [1], NiO [9], Mn2O3 [10], Fe3O4

[7,11,12], and also in amorphous nanoparticles [13] where a spin
canting at the surface exist. In these cases, the observed magnetic
behavior is explained with a model where the canted spins are in a
surface layer and they freeze into a spin-glass-like phase at low
temperatures. As a consequence, the surface spins have multiple
configurations for any orientation of the core magnetization.

An interesting system to study this phenomenon is the cobalt
ferrite (CoFe2O4). The material in bulk has well known nature, and
because of the high crystalline anisotropy has also been in-
tensively studied because of their possible use in technological
applications. Moreover, the local surface anisotropy due to the iron
and cobalt ions have easy axes with different directions which
favor the magnetic disorder canting of the spins at the surface.
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Furthermore, it is possible to synthesize ferrite nanoparticles with
size control and high crystallinity. In particular, with the decom-
position of organometallic precursors (transition metal acet-
ylacetonate) nanoparticles have been fabricated in a one step
process, controlling the size in the 2–25 nm range with a narrow
size distribution [11,14]. Many papers referring size effects on
CoFe2O4 nanoparticles can be found in the literature [15–18], but
non of them study these effects for particles less than 5 nm, where
the surface effects are absolutely dominant.

In this work, we have focused on the size dependence of the
magnetic properties and the surface effects of CoFe2O4 nano-
particles synthesized by high-temperature chemical method with
d�2.0, 4.5, and 7.0 nm, with narrow size distribution. As-made
nanoparticles are covered by a monolayer of oleic acid strongly
linked to the surface. According to our magnetization measure-
ments as function of field and temperature (M(H,T)), as well in-
field (up to 12 T) Mössbauer spectroscopy (MS) results, our sys-
tems present strong differences between the behavior of the lar-
ger-nanoparticles (with high ferrimagnetic order degree) and the
smaller-nanoparticles, which present a core–shell magnetic
structure, with a magnetically ordered core and a magnetically
disordered shell.
2. Experimental details

Nanoparticles narrow diameter distribution were prepared by
the high-temperature decomposition of Co(acac)2 and Fe(acac)3
with the 1:2 M ratio (0.6:1.2 mmol) together with 1–2 octanediol,
diphenyl ether (boiling point at �550 K) and oleic acid and oley-
lamina as surfactants. The particle size was tailored by the sur-
factant:precursor molar ratio ([Surf.]:[Prec.]) according to the re-
ference [15]. The preparation was magnetically stirred and heated
up to the boiling temperature T�535 K for 120 min. After synth-
esis the nanoparticles were extracted by adding ethanol followed
by centrifugation (14,000 rpm/30 min). After that, they were wa-
shed with acetone and centrifuged once again. The final sample
consists in a black powder constituted by cobalt ferrite nano-
particles covered with an oleic acid layer, which is strongly linked
to the surface, improving the chemical stability, and avoiding ag-
glomeration. The samples were labeled S2, S5, and S7 with mean
diameter 2.0, 4.5, and 7.0 nm respectively, obtained from the TEM
analysis.

TEM and high-resolution microscopy (HRTEM) images were
made in a Philips CM200 (200 kV) transmission electron micro-
scope. The samples were prepared by dropping a colloidal solution
of nanoparticles onto a carbon-coated copper grid. XRD patterns
were collected in θ–2θ geometry with a Philips W1700 dif-
fractometer, using Cu-Kα radiation.

In order to avoid dipolar interactions among the particles in the
magnetic measurements, the nanoparticles were dispersed in a
polymeric matrix (polyethylamine – PEI) in a concentration of
�1% w/w. M(T) in zero-field-cooling (ZFC) and field-cooling (FC)
conditions and M(H) loops at TZ2 K were measured in a com-
mercial SQUID magnetometer.

In-field MS were taken at 4.2 K in a liquid He flow cryostat with
a spectrometer in transmission geometry using a 57Co/Rh source.
Mössbauer samples were prepared by dispersing 20 mg of the
respective powder samples in boron nitride and pressing it be-
tween acrylic disks. The sample was mounted in the bore of a
140 kOe superconducting magnet, in a vertical source-sample-
detector setup such that the direction of gamma-ray is parallel to
the direction of applied field. A sine-shaped velocity waveform
was used to minimize mechanical noise. All MS spectra were fitted
by using Lorentzian line shapes with a non-linear least-square
program (NORMOS), calibrating the velocity scale with a α-Fe foil
at 300 K. When necessary a hyperfine field distribution was em-
ployed. Isomer shift (IS) values are relative to α-Fe at 300 K. As a
consequence of the experimental setup, the temperature of the
source during the low temperature spectrum acquisition must to
be considered as an important factor to the IS values observed in
order to compare with the expected ones.
3. Results

The XRD patterns of the samples S2, S5, and S7 are shown in
Fig. 1. The peaks in the patterns of samples S7 and S5 correspond
to the expected inverse spinel structure of CoFe2O4 (PDF 00-022-
1086), while sample S2 exhibits a poor crystallinity and only a
broad peak associated to the plane (311). There is a broad max-
imum in the XRD pattern of the samples, which is strong for
sample S2, notable for sample S5 and almost imperceptible for
sample S7. This broad maximum is resulting from the organic
phase remnant from the washing procedure; because its reduced
diameter, the washing procedure was more difficult in sample S2.
The crystallite mean size was obtained from the peak (311) for the
three samples by the Scherrer's equation [19], obtaining 1.6,
4.2 and 7.5 nm, respectively.

Fig. 2 shows the typical TEM images of the as-prepared nano-
particles. The particles appear separated from each other without
agglomeration. From several images of different zones of the
sample, the diameter histogram of each sample was determined
(see Fig. 2b). For all samples, the histogram is well fitted with a
lognormal distribution giving mean diameters of od4¼2.0, 4.5,
and 7.0 nm for samples S2, S5, and S7, respectively. A narrow size
distribution was found for all samples (s¼0.1–0.2). These nano-
particle sizes give a surface/volume ratio (considering a 0.6 nm
surface layer, which is close to the first atomic layer distance in
lattice) of 0.80, 0.60, and 0.45, respectively. Comparing with the
crystallite size obtained from XRD profiles, the diameter of sample
S7 is slightly smaller, while for sample S2 and S5 it is slightly
larger. HRTEM images show high crystallinity of S5 and S7 samples
and poor crystallinity in the S2 sample. A detail of the crystalline
planes for sample S7 is showed in the respective bottom panel
inset.

Fig. 3a shows the results of M(T) (H¼50 Oe) as a function of
temperature for the S7, S5, and S2 samples are reported. The
measurements were performed according to the usual ZFC and FC
procedures. S5 and S7 samples present similar curves, typical for
single domains of non-interacting systems where the ZFC and FC
magnetization curves superimpose at high temperatures (super-
paramagnetic regime) and, below the irreversibility temperature
(Tirr), the ZFC magnetization presents a maximum whereas the FC
magnetization curve increases monotonically with decreasing the
temperature. Tirr corresponds to the highest blocking temperature,
i.e. to that of particles with highest energy barrier. For the S5
sample, the FC magnetization curve change the slope at T�50 K
and remains quasi constant at lower temperatures. The shift in the
Tirr values, Tirr(S7)¼300 K and Tirr(S5)¼130 K is due to the change
of the nanoparticle volume, and consequently on the anisotropy
energy barrier KV. For weakly interacting nanoparticles the energy
barrier distribution, f(T), can be calculated from the MZFC(T) and
MFC(T) curves [20,21]:

∝ −f T
T

d
dT

M T M T( )
1

[ ( ) ( )] (1)ZFC FC

This f(T) function presents a maximum at certain temperature
that corresponds to the blocking temperature (TB) of the particles
with size of the mean value of the distribution. Fig. 3b shows the
energy barrier distribution obtained by the differentiation of the
MZFC(T)–MFC(T) curves and divided by T of the samples S5 and S7.



Fig. 1. X-ray diffraction (XRD) profiles of as-made samples S2, S5 and S7.
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The f(T) has the same shape (lognormal distribution) as the vo-
lume distribution obtained by TEM measurements. Sample S7
distribution curve does not follow the lognormal distribution at
T4230 K because the system does not allow the total super-
paramagnetic regime even at room temperature, then contribution
of larger nanoparticles is missing distorting the curve at high
temperatures (up to 300 K). A more expected behavior is observed
for sample S5, with a lognormal distribution of energy barrier with
maximum at �55 K, despite an unexpected and marked increase
in the values of f(T) is observed for To5 K. On the other hand, in
the sample S2 the ZFC and FC magnetization curves almost su-
perimpose at all temperature range. The small irreversibility ob-
served is a consequence of some larger nanoparticles which be-
come blocked at �60 K.

M(H) curves were performed in ZFC condition at different
temperatures. Fig. 4 shows representative M(H) curves for the
three samples. For samples S5 an S7, above Tirr the magnetization
curves are reversible, whereas for ToTirr a hysteretic behavior is
observed. On the other hand, sample S2 shows only reversible
behavior for the entire temperature range. For all samples, M(H)
curves do not saturate up to H¼5 T, and in Fig. 5a we plot the
magnetization values measured at H¼5 T as a function of tem-
perature. The M(H¼5 T) decreases slowly with increasing tem-
perature for S5 and S7 samples, whereas this reduction is stronger
for the smaller particles (S2).

In Fig. 5b the coercive field as a function of temperature
data [HC(T)] for S5 and S7 samples is plotted. The HC(T) values
for both samples can be fitted by using the expression

= −H T H T T( ) (0) [1 ( / ) ]C C B
1/2 (at T45 K for S5 sample). This function
is characteristic for non-interacting single domains. In the S5
sample, for To5 K display a decrease of the coercivity which may
point out an internal process in the magnetic order of the nano-
particles and will be discussed latter.

Fig. 6a and b present the in-field MS at 4.2 K for sample S7 and
S5, respectively. For both samples, the spectra were well-fitted
considering two sextets referents to the A (tetrahedral) and B
(octahedral) sites of the Fe in spinel structure. We have studied
detailed the dependence of D23 (relation A2/A3, where A3 and A2
are the intensities of the third and second line, respectively) and of
effective field (Beff) with applied field (Happ). Beff and the hyperfine

field (Bhf) are related by μ
→

=
→

+
→

B H B H( ) (0)eff app hf app, where μ is the
particle magnetic moment. Relevant hyperfine parameters ob-
tained from the fitting procedure are given in Table 1. Because of
the strong antiferromagnetic exchange coupling, the Beff of crys-
talline site A increase, while the one of crystalline site B decrease
with Happ [11].

Fig. 7a shows the in-field MS spectra at 4.2 K with Happ¼0, 30,
40, 80, 120 kOe for sample S2, while Fig. 7b exhibits the in-field
MS of this sample taken with Happ¼12 kOe and temperature of 4.2,
20, 40, 60 and 100 K. All these spectra were fitted with a hyperfine
field distribution and a doublet corresponding to a paramagnetic
or superparamagnetic contribution. Relevant hyperfine para-
meters obtained from the fitting procedure are given in Table 2.
4. Discussion

M(T) curves of sample S7 (see Fig. 3a)) show typical mono-
domain behavior with an Tirr of Tirr4300 K. For T4Tirr, the M(H)
curves have a distinct measurement time, a shorter one, with re-
spect to the M(T) curves. In this way, they present a super-
paramagnetic behavior for TZ250 K and they are fitted with a
Langevin function giving a monodomain magnetic moment
om4¼(3640740) mB at T¼250 K. For ToTirr, the magnetization
curves show irreversibility with square-like loops. Also the HC(T)
shows monodomain behavior following a T1/2 law. From the
average magnetic moment, an estimated value of the diameter
od4¼5.6 nm was obtained, assuming spherical particles and a
saturation magnetization of 80 emu/g (bulk value [22]). This dia-
meter is slightly smaller than the one obtained by TEM. Taking the
value of od4 obtained from TEM analysis (7 nm) and using the
Néel model [τ¼τ0exp(KeffV/kBT] for the M(T) measurements, as-
suming τ/τ0¼1012 and T¼TB to calculate the effective anisotropy
constant (Keff), the value of 2.0�106 erg/cm3 is obtained, close to
the values expected for Bulk material [22]. These conclusions are
reinforced by MS analysis of this sample, where the in-field
spectra can be easily related to the expected for monodomain
nanoparticles, since they show the sextets that can be addressed to
the contribution of Fe ions in the A and B sites of ferrite with an
antiferromagnetic structure. The ratio of the absorption area be-
tween them indicates that the Co ions substitute the Fe ones
preferentially in site B (octahedral). For this, the result obtained
from Energy Disperse Spectroscopy (EDS) analysis (performed in a
scanning electron microscopy-SEM) is compared with the Möss-
bauer one. From EDS analysis: at% Co/at% Fe¼0.38, while we ob-
serve a relation of the absorption intensity of site A/site B of about
0.7 in the MS for S7 sample at Happ¼0. For a perfect incorporation
of Co ions in the site B, we expect a relation between the two
absorptions about 0.85 (considering the amount of Co ions mea-
sured in the whole sample), and 0.45 for a random distribution of
Co ions between A and B sites. Thus, about 85% of Co ions are in
site B. In-field MS exhibit a partial alignments of the moments in
sub-lattice A and B with applied field with lower values and an
almost complete alignment for higher ones, despite a small



Fig. 2. Transmission electron microscopy (TEM) images of samples S7, S5 and S2. The right panel is the corresponding diameter histogram fitted with a log normal
distribution, and the bottom inset is a high-resolution TEM image.
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canting that are still observed at 120 kOe (a very small fraction,
represented by the no null relation between the intensities of line
2 and line 3 (D23) for both sites at 120 kOe).

M(H) curves of S5 sample (see Fig. 4) exhibit two contributions
to the magnetization for the entire range both in super-
paramagnetic and blocked regimes: a component that saturates at
low magnetic fields, and a reversible component of the magneti-
zation that does not saturate even for the maximum applied field
of 50 kOe. In the superparamagnetic regime (T4170 K) these
curves are satisfactorily fitted by the equation M(H,T)¼Mn(H,T)þ
χH, where Mn has a superparamagnetic monodomain behavior
described by an integral of Langevin functions [L(x)¼coth(x)�1/x,
x¼μH/kBT] weighted by the lognormal particle size distribution
and χH associated to the surface paramagnetic contribution. An-
other possibility is that the linear contribution at high field arises
from small nanoparticles in superparamagnetic regime; however,
TEM analysis did not indicate the presence of so small nano-
particles or a bimodal distribution. From these fitting the magnetic
moment value of the single domain for each temperature was
obtained. This value increases as the temperature decreases, as is
shown in Fig. 8, indicating a progressive magnetic order inside the
nanoparticle or, in other words, the growth of the single domain at
lower temperatures. This magnetic fluctuation intra particle was
also observed in NiAg heterogeneous alloys [23]. From a linear fit
of the thermal dependence of the magnetic moment, we obtain
the extrapolated magnetic moment for T¼0, and from this value
we estimated the value of the highly ordered monodomain dia-
meter od4¼4 nm, close to the value obtained from TEM ana-
lysis. With this monodomain size and the average TB a value of
Keff¼2.5�106 erg/cm3 was determined by the Néel model, within
the order of magnitude of the anisotropy constant calculated from
the coercive field.

Below the Tirr, hysteresis curves are observed in the M(H) plot
as is usual for the blocked regime. The loops exhibit two con-
tributions to the magnetization: a component that saturates at low
fields, which is characteristic of the blocked single domain, and a
reversible component of the magnetization that does not saturate
even for the maximum applied field of 50 kOe. With decreasing
temperature, HC increases, following the usual (1�(T/TB)1/2) law
for single domains, up to a maximum at TH

max
C

¼5 K, as is showing in
Fig. 5. Below this temperature, the coercive field decreases. The
temperature of the maximum of HC(T) is the same temperature
where the energy distribution f(T) curve starts to grow as the
temperature decreases. In Fig. 5, HC vs T1/2 is plotted evidencing
only the typical monodomain behavior down to T¼5 K, where the
data exhibit a linear trend.

The simple model of a nanoparticle as a perfect ordered spin
array, like in the bulk, is not valid to explain our results for sample
S5, and the large disorder of the ferrimagnetic lattice due to the
high surface to volume ratio should be considered. In fact, the



Fig. 3. (a) Magnetization curve as function of the temperature [M(T)] measured in ZFC and FC modes (MZFC(T) and MFC(T)) of samples S7, S5 and S2. (b) The blocking
temperature distribution of samples S7 and S5 [calculated with Eq. (1)].

Fig. 4. Magnetization curve as function of the applied field [M(H)] measured in ZFC
mode and different temperatures of samples S7, S5 and S2.
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results for sample S5 can be satisfactorily interpreted by a core–
shell model, which takes into account the competition between
the surface anisotropy and the exchange interaction plus the
crystalline anisotropy. In this case, the total energy per particle is
given by [9,13,24,25]

∑ ∑

∑ ∑

μ μ

μ^ ^

= − − − −

− −

< >
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where μcore is the core magnetic moment, Kcore and Ki are the
crystalline anisotropy constant for the core and shell ions re-
spectively, Ji a

shell
, is the exchange constant per ion between shell–

shell ions and core spins–shell ions interaction (Co–Co, Fe–Fe or
Co–Fe), Ki

surf is the surface anisotropy per atom (Fe or Co), i in-

dicates a unit vector perpendicular to the surface, and ẑ indicate
the direction of the easy axis. The surface anisotropy term tends to
align the spins perpendicular (parallel) to the surface for Fe (Co)
magnetic moment, as reported in the literature [25]. It is clear that
while the exchange interaction tends to magnetically order the
system, the surface anisotropy favors its disorder. In the high-
temperature regime, the surface spins are in a paramagnetic state,
and we observe the superparamagnetic response of the ordered
core plus the paramagnetic disordered shell. This disorder is
originated by the competition between the exchange interaction
and the crystalline anisotropy (which tend to magnetically order
the particle), and the surface anisotropy, which depends on surface
topology and tends to disorder the spins. Decreasing temperature,
the ordered core volume increases and consequently the magnetic
moment of the particle grows. Below T¼5 K, the formation of
surface spin clusters creates an additional effective field, and core
moment-surface clusters moment interactions leading to the
anomalous behaviors observed in the HC(T) and M(T) curves
[13,24,25].



Fig. 5. (a)M(T) curves measured with Happ¼50 kOe of samples S7 and S5; (b) dependence of the coercive field with the temperature [HC(T)] of samples S7 and S5, where the
solid line correspond to the fit with T1/2.

Fig. 6. (a) and (b) In-field Mössbauer spectra of samples S7 and S5, respectively, measured at 4.2 K. Each spectrumwas fitted with two sextets referent to the contributions of
sites A and B.

Table 1
Relevant hyperfine parameters obtained from the fitting procedure of Mössbauer spectra of samples S7 and S5 at 4.2 K. Beff is the effective field, IS is the Isomer Shift, QS is
the Quadrupolar Spliting and D23 is the ratio between the intensities of lines 2 and 3 of the sextet.

Sample μHapp (T) Crystalline site Beff (T) IS (mm/s) QS (mm/s) D23 Absorption area (%)

S7 0 A 50.90 0.26 0.01 2.00 41
B 53.30 0.36 �0.04 2.00 59

3 A 53.80 0.27 0.01 0.60 41
B 50.30 0.37 �0.04 0.66 59

5 A 55.85 0.26 0.01 0.51 41
B 48.52 0.40 �0.06 0.55 59

8 A 58.79 0.25 0.01 0.40 41
B 45.04 0.40 �0.06 0.20 59

12 A 62.94 0.26 0.01 0.31 41
B 41.04 0.40 �0.06 0.28 59

S5 0 A 50.80 0.27 0 2.1 47
B 53.30 0.34 0.05 2.0 53

1 A 51.10 0.27 0 1.5 47
B 53.20 0.34 0.05 1.4 53

12 A 62.90 0.27 0 0.17 41
B 41.40 0.34 0.05 0.23 59
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Fig. 7. (a) In-field Mössbauer spectra of sample S2 measured at 4.2 K; (b) in-field Mössbauer spectra measured with Happ¼120 kOe at different temperatures. The right panel
shows the respective hyperfine field distribution.
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Interestingly, the in-field MS of sample S5 are also composed of
the contribution of the two sextets (sites A and B). For this sample,
we can estimate that about 90% of Co ions are in site B. If we focus
at lower field (10 kOe), we observe a large value for D23 for both A
and B sites for sample S2 in comparison to sample S7. These
Mössbauer results indicates a larger canting for a larger number of
moments in sample S5 in comparison with sample S7 for both
sites, despite they are present for a small number of spins con-
sidering the whole sample and it is more significant for site B. The
mean value of the canting angle (oβ4¼mean angle between
Table 2
Hyperfine parameters obtained from the fitting procedure of the in-field Mössbauer spec
IS (isomer shift), QS (quadrupolar splitting), D23 (relation between the absorption area

Applied field (kOe) T (K) Subspectra Bhf (T) IS (m

0 4.2 Distribution 43.4 /47.3 0.25/
Doublet – 0.35

30 4.2 Distribution 44.3 / 38.5 0.25/
Doublet – 0.35

50 4.2 Distribution 42.9 / 35.9 0.25/
Doublet – 0.35

80 4.2 Distribution 48.7 / 43.5 / 35.6 0.25/
Doublet – 0.35

120 4.2 Distribution 49.8 / 39.4 0.25/
Doublet – 0.35

120 20 Distribution 14.5 0.35
Doublet – 0.35

120 40 Distribution 12.6 0.35
Doublet – 0.35

120 60 Distribution 13.6 0.35
Doublet – 0.35

120 100 Distribution 12.6 0.35
Doublet � 0.35
Happ and the magnetic moment) is given by

β〈 〉 =
+
D

D
sin

2
4 (3)

2 23

23

Our magnetization results at high fields for Sample S5 indicates
that the value of D23 observed in the MS comes from a fraction of
magnetic moments in both sites misaligned with respect to Happ.
In this case, these moments also leads to a change in the values of
the Bhf in comparison with the corresponding core sub-spectrum;
however, because of the broad peaks and the small changes ex-
pected in the Bhf (because of the values of D23, indicating a partial
tra of sample S2: Bhf (most probable hyperfine fields), w (half width at half height),
of lines 1 and 3).

m/s) QS (mm/s) W (mm/s) D23 Absorption area (%)

0.41 �0.01 – 2 55
0.7 1.1 – 45

0.41 �0.01 – 1.5 72
0.7 1.3 – 28

0.41 �0.01 – 1.5 90
0.7 1.3 – 10

0.30/0.41 �0.01 – 1.3 90
0.7 1.3 – 10

0.41 �0.01 – 1.4 90
0.7 1.3 – 10

�0.01 – 2 88
0.7 1.3 � 12

�0.01 � 2 61
0.7 1.1 � 39

�0.01 � 2 52
0.7 1.1 � 48

�0.01 – 2 50
0.7 1.3 – 50



Fig. 8. Magnetic moment of sample S5 obtained from the fitting ofM(H) curve with
the Langevin equation plus a linear contribution as function of the temperature.
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misalignment), the contribution of the misaligned magnetic mo-
ments is not observed as separated sextets.

The magnetic behavior of the sample S2 is compatible with a
paramagnetic sample (or not fully magnetically ordered one). In
fact, the calculated mean magnetic moment of the nanoparticles of
this sample from the M(H) curves is μ(T¼5 K)¼(4.9270.02)μB.
This result give us the evidence that the poor crystallinity of these
nanoparticles and the large surface/volume ratio avoid the ferri-
magnetic order in the particle down to T¼5 K. Some irreversibility
in M(T) curves is observed, but it can be easily addressed to the a
small amount of larger particles (43 nm) observed for this sample
in TEM images. However, M(H) measurements clearly reinforces
the lack of magnetic order in this sample.

In-field MS of sample S2 at low temperature (4.2 K) were fitted
with a distribution of hyperfine fields and a doublet, which
corresponds to a superparamagnetic or paramagnetic contribu-
tion, and the obtained fit confirms the analysis frommagnetization
measurements. Despite the fact that the hyperfine field distribu-
tions present two maxima, which can be associated to sites A and
B, the variation of these values with Happ, as well as the variation of
D23, it is not the expected for two sub-lattice with anti-
ferromagnetic alignment in parallel direction with respect to the
applied field. The values of Bhf observed for these two maxima are
smaller than the expected for sites A and B in the ferrite. In ad-
dition, we observe an important contribution in low values of Bhf,
which may correspond to relaxation phenomena, spins with re-
laxation time close to the time window of the experiment (10�8 s).
This contribution at low values of Bhf decreases with increasing
Happ, indicating some ordering process with the increment of the
external field. The doublet indicates a superparamagnetic or
paramagnetic contribution [26–28] even at 4.2 K. Its relative ab-
sorption area decreases, while w slightly increases, with increasing
external field, also indicating the increment in the magnetic order
with Happ. Therefore, in-field MS at 4.2 K indicates a lack of the
antiferromagnetic order in sample S2, in accordance with the
magnetization measurements. In-field MS spectra with
Happ¼120 kOe and T¼4.2, 20, 40, 60 and 100 K shows an incre-
ment in the relative absorption area of the doublet with increasing
T, as expected for a paramagnetic or superparamagnetic con-
tribution. At the same time, the distribution strongly dislocates for
low values of Bhf, which is also expected as consequence of the
increment of the relaxation phenomena with increasing
temperature.
5. Conclusions

We have synthesized CoFe2O4 nanoparticles with sizes in the 2–
7 nm range in order to study the influence of the surface anisotropy
in the internal magnetic order of the particles. Particles with d¼7 nm
have almost single-domain behavior and the monodomain occupies
approximately the whole particle. In the sample with d¼5 nm, the
surface anisotropy is large enough to alter the ferrimagnetic order in
the particle shell. Then, a surface/volume ratio of �60% is the cross-
over between a single domain nanoparticle and a frustrated order in a
magnetic core–shell structure, due to the competition between sur-
face anisotropy and exchange interactionþcrystalline anisotropy in
cobalt ferrite. In the sample with d¼2 nm, the poor crystallinity and
the large surface/volume ratio avoid the ferrimagnetic order in the
particle down to T¼5 K.
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